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Phosphorylation of cAMP responsive element binding protein
after treatment of mesangial cells with high glucose plus TGFf3
or PMA
JEFFREY I. KREISBERG, ROBERT A. RADNIK, and SUZANNE H. KREISBERG
Audie Murphy Veteran s Administration Hospital, and the Department of Pathology, University of Texas Health Science Center, San Antonio, Texas, USA
Phosphorylation of cAMP responsive element binding protein after
treatment of mesangial cells with high glucose plus TGFj3 or PMA. We
recently showed that mesangial cells treated with high glucose plus TGFI3
or PMA demonstrated activation of a cAMP-response element (CRE)
located in the 5' flanking region of the fibronectin gene. Gel shift mobility
assays with a CRE oligonucleotide revealed multiple complexes that did
not change in mobility or abundance under conditions of high glucose plus
TGFI3 or PMA. Here we show that treatment with cycloheximide to
inhibit protein synthesis also did not change the DNA/protein complexes.
These observations led us to conclude that post-translational modification
of transcription factors may be responsible for the activation of the
fibronectin gene observed under our experimental conditions. We identi-
fied the proteins complexed to CRE as CRE binding protein (CREB) and
activating factor 1 (ATF1). This was accomplished by supershift assays and
immunoblots. Two hours of high glucose plus TGF/3 or 30 minutes of
PMA caused a twofold elevation in phosphorylated CREB. Neither high
glucose nor TGFJ3 alone caused phosphorylation of CREB. ATF-1 was
not phosphorylated. We also show that high glucose plus TGFP and PMA
activated protein kinase Ca; however, none of the agents tested stimulated
intracellular cAMP levels, indicating that phosphorylation of CREB was
independent of protein kinase A activation. These results demonstrate
cross-talk between the protein kinase C and protein kinase A pathways in
that agents which activate the protein kinase C pathway can stimulate
phosphorylation of proteins that commonly serve as substrates for protein
kinase A.
Expansion of the glomerular mesangium remains the lesion
most closely associated with diabetic nephropathy [1, 2]. Glomer-
ular mesangial cells in vitro respond to elevations in medium
glucose concentration by increasing the synthesis of fibronectin,
laminin and type IV collagen [3—51. Recent studies have impli-
cated a role for TGF3 and activation of protein kinase C in this
response [6—11]. In this regard, the transcription factors c-fos and
c-fun, which are modulated by protein kinase C [12] activation, are
also stimulated in mesangial cells exposed to high glucose [11, 13].
Transient signals like those generated by high glucose are
converted into long-term changes in gene expression by signal
related transcription factors that function by binding to specific
sequence elements within the promoter region of genes. One
group of transcription factors are the BZip proteins, named
because of their conserved basic (B) and leucine zipper (Zip)
domains that are required for DNA binding and dimerization,
respectively [14]. The most studied members of this family are the
AP-1 (c-foslc-jun) and cAMP responsive element (CRE)/activat-
ing transcription factor (ATF) proteins that control transcription
by binding to the TPA response element (TPA) and the CRE,
respectively [15, 16]. However, due to the sequence similarity
between these two elements (they differ by just 1 bp) there is
considerable overlap in their means of activation.
The increase in fibronectin synthesis by high glucose has been
observed to take place at the level of transcription. Mesangial cells
transfected with constructs containing portions of the fibronectin
promoter (—510 bp to +69 bp) linked to a CAT reporter gene
showed twofold elevations of CAT activity after treatment with
high glucose plus TGFI3 or PMA [9, 11]. Under serum free
conditions it was found that exogenous TGFI3 was necessary to
permit high glucose to exert this effect on fibronectin transcription
[9]. The minimal sequences in the fibronectin promoter respon-
sive to high glucose plus TGF/3 or PMA appeared to be a CRE
located between —122 and —222 bp. Constructs containing an
oligonucleotide encoding for this CRE linked to a minimal
fibronectin promoter (deleted to position —56 bp) and a CAT
reporter gene displayed similar increments of activation as that
observed for the entire fibronectin promoter region. Since c-fosi
c-jun (AP-1) can bind to and activate CRE [17—19], it was believed
that high glucose exerted its effect on fibronectin transcription by
elevating APi levels, which resulted in its binding to and activa-
tion of CRE in the fibronectin promoter. However, the present
studies have led us to conclude that activation of protein kinase C
results in phosphorylation and activation of CRE binding protein
(CREB), which results in stimulation of fibronectin transcription.
Methods
Cell culture
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Rat glomerular mesangial cells were isolated and cultured as
previously described by us [20, 21]. RPM! 1640 with 20% fetal calf
serum was the medium employed to culture rat mesangial cells.
Cells were used for experiments between the 6th and 20th
passages in culture.
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32P-labeling and nuclear protein extraction
For the phosphorylation experiments cells were preincubated
for 24 hours with 500 MCi/mI of 32P orthophosphate in phosphate-
free RPMI 1640 to label ATP to equilibrium. After the addition of
high glucose (30 mM) plus TGF/3 (1 ng/ml) or PMA (600 nM), the
cells were further incubated at 37°C. High glucose and TGFI3
were also tested alone. For isolating nuclear proteins, the medium
was removed and the cells rinsed twice with Tris buffered saline,
pH 7.4 and gently scraped into 5 ml of lysis buffer (20 mM HEPES,
pH 7.9, 0.2 mM EDTA, 0.2 m'vi EGTA, 0.5 ifiM spermidine, 1 mi
Dlii, 10% glycerol, 0.5 ifiM PMSF, I jiglml Icupeptin, 2 mi
sodium orthovanadate) containing 0.3% Nonidet P-40, and incu-
bated for five minutes on ice. After homogenization, extracts were
centrifuged at 12,000 >( g RCF for 10 minutes and the pellets
frozen at —70°C, after which 400 1.d of lysis buffer with 2 mM KC1
were added. After gentle mixing on a magnetic stirrer at 4°C for
30 minutes, nuclear extracts were collected by centrifugation at
25,000 X g RCF for 20 minutes. The supernatants were applied
onto a G-50 spin column equilibrated with a binding buffer
containing 12% glycerol, 60 m'vi KCI, 12 mrvi HEPES-KOH (pH
7.9), 0.1 mvi EDTA, 0.3 m'vi DTT, 1 mvi MgCl2, 5 mrvt spermidine
and 5 jig of poly[d(I+C)], and the eluate was used as the crude
nuclear extract 9, 22]. Protein determinations were achieved by
the bicinchoninic acid method. 32P-labeled nuclear extracts were
used for immunoprecipitation studies. The specific activity of 32P
in the nuclear extracts was measured. Twenty to 30 X 106 TCA
precipitable cpm were immunoprecipitated. Unlabeled nuclear
proteins were used for the gel mobility shift assays.
Gel mobility shft assay
Oligonucleotide encoding for the CRE was purchased from
Promega (Madison, WI, USA) and labeled by end-labeling using
T4 kinase and [y-32P]ATP according to the manufacturer's in-
structions. Binding reactions (20 jil) included 32P-labeled double
stranded oligonucleotide (0.5 to I ng, 10,000 to 14,000 cpm) and
I jig of salmon sperm DNA, incubated with 1 jig of nuclear
extract in a buffer containing 10 mivi Tris-HCI (pH 7.5), 4%
glycerol, and 1 mivi EDTA. The reaction mixture was incubated
for 30 minutes at room temperature and then loaded onto 4%
polyacrylamide gels (acrylamide:bisacrylamide, 79:1). The gels
were subjected to electrophoresis in a buffer containing 50 mM
Trizma (Tris base), 380 mivi glycine, and 2 mivi EDTA. Gels were
run at 25 V/cm for 10 additional minutes once the dye front
cleared the gel. For the supershift assays, the antibodies were
preincubatcd with the nuclear proteins for one hour at 4°C before
addition of the labeled oligonucleotide. immunoblots of gel shift
assays were accomplished by electroblotting the 4% polyacryl-
amide gels onto Immobilon-P transfer membranes (Millipore,
Bedford, MA, USA) in an electroblot apparatus (BioRad, Her-
cules, CA, USA) with 20 mivt Tris, 60 mM glycine, 20% methanol
transfer buffer at 100 V overnight. Blots were washed with PBS,
pH 7.4, 0.05% Twccn 20 (PBS-Tween) four times and blocked for
one hour at 4°C in PBS-Tween with 5% milk. Antibodies were
added to PBS-Tween-milk and the blots incubated overnight at
4°C. After washing four times with PBS-Tween, peroxidase sec-
ondary antibodies were added in PBS-Tween and the blots
incubated at room temperature for one hour. After four washes
with PBS-Tween, proteins were detected by enhanced chemilu-
minescence (Renaissance; New England Nuclear, Boston, MA,
USA) onto Kodak AR film (Rochester, NY, USA).
immunoprecipitation
Fifteen microliters of Protein A agarose (Oncogene Sciences,
Cambridge, MA, USA) were mixed with specific antibody. The
CREB antibody was purchased from UBI (Lake Placid, NY,
USA), while the anti-ATF 1 antibody was a gift from Dr. Michael
Green, University of Massachusetts. Nuclear extracts were diluted
in RIPA (with 1 mii PMSF, 1 sg/ml soybean trypsin inhibitor, and
0.3 m sodium orthovanadate) and added to the protein A-
agarose/antibody mixture. The mixtures were incubated with
gentle shaking for 24 hours at 4°C. The protein A-Sepharose was
pelleted and washed four times with 1 ml of washing buffer (PBS,
pH 7.2, containing 5% sodium deoxycholate and 1% SDS). Before
the final wash, the tubes were changed to eliminate non-specific
binding to the tube. Pellets were solubilized in Laemmli sample
buffer and electrophoresed on 10% polyacrylamide gels. Molec-
ular weight standards were also run. After staining and drying, the
radioactivity in specific proteins was quantitated on a beta scanner
(Bctascope 603 Blot Analyzer; Betagen, Waltham, MA, USA).
Cyclic nucleotide experiments
The following substances were tested in the presence of isobu-
tylmethyixanthine (MIX): normal glucose (10 mM); high glucose
(30 mM); TGF (1 ng/ml); normal glucose plus TGF; high
glucose plus TGF/3; and PMA (600 nM). Confluent monolayers of
mesangial cells were rinsed three times in RPMI 1640 tissue
culture medium and incubated with the above substances in
RPM! 1640 for 20 minutes at 37°C. After the incubation period,
media was removed and the dishes were rinsed three times with
RPMI. 1 ml of cold 5% trichloroacetic acid (TCA) was added and
the dishes were kept over ice. Cells were scraped off the surface
with a rubber policeman and transferred to a centrifuge tube kept
on ice. Each dish was rinsed again with TCA. The TCA extracts
were sonicated on ice for 20 seconds with a sonicator-cell dis-
rupter (Heat Systems-Ultrasonics, Inc., Plainview, NY, USA).
The TCA extracts were centrifuged at 6800 X g for 20 minutes in
a refrigerated centrifuge with a JA-20 rotor (Beckman J221;
Beckman Instruments, Inc., Palo Alto, CA, USA). The superna-
tants were collected and acidified with 100 pJ of 2 N HC1. The
TCA pellets were resuspended in 2% sodium carbonate in 0.1 N
NaOH buffer for protein quantitation. The TCA was removed
from the supernatant by repeated extraction (4 times) with water
saturated ethyl ether. Remnants of ether were evaporated by
heating, and samples were frozen at —70°C and lyophilized.
Lyophilized samples were stored at —70°C until assayed. cAMP
was measured by radioimmunoassay as previously described by us
[20] using cAMP RIA kits (New England Nuclear, Du Pont Co.,
Wilmington, DE, USA).
Protein kinase C isozenzymes
Mesangial cells were treated with the same substances as
described above under cyclic nucleotide experiments. Confluent
cultures of mesangial cells were incubated for one, two and three
hours with normal or high glucose with and without TGFI3 and for
15 and 30 minutes with PMA. After incubation, cells were rinsed
and treated with ice-cold homogenization buffer (20 m'vi Tris/HCI,
pH 7.5, 250 mrvi sucrose, 3 mrvi EUTA, 10 mM mercaptoethanol, 1
mM phenylmethane-sulphonyl fluoride and 50 mrvi leupeptin) and
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immediately homogenized [23]. The homogenate was spun at
100,000 X g for 10 minutes. The resulting supernatant was the
cytosolic fraction. The pellet was resuspended in homogenization
buffer containing 1.0% Triton X-100 and gently shaken at 4°C for
30 minutes. This pellet suspension was then centrifuged at
100,000 x g for 10 minutes. The supernatant was the particulate
fraction. Both PKC containing fractions were loaded onto 10%
SDS-PAGE. The gels were then electroblotted onto Immobilon-P
transfer membranes and the blots were stained with highly specific
antibodies directed against peptide sequences of protein kinase C
that reacted specifically against PKC a, /311, y, and the nPKC b
and (GIBCO BRL Products, Grand Island, NY, USA) as
described above under gel mobility shift assay.
Results
We reported previously that there was no difference in the
mobility or abundance of DNA/protein complexes in mesangial
cells treated with high glucose plus TGFJ3 or PMA when com-
pared to control cells despite activation of fibronectin transcrip-
tion [9, 11]. Figure 1 demonstrates a gel shift mobility assay with
nuclear extracts obtained from control mesangial cells. Similar
observations were made with nuclear extracts isolated from
mesangial cells treated with high glucose plus TGFf3 or PMA.
Gels were run for an additional 10 minutes after the dye front
cleared out of the gel which explains the absence of radiolabel at
the bottom of the gel. Lane 2 demonstrates the complexes formed
between CRE/mesangial cell nuclear proteins. In previous pub-
lished studies, we demonstrated that CRE/protein binding was
specific because it could be competed by excess unlabeled CRE
and was insensitive to the addition of excess unlabeled nonspecific
oligonucleotide [9, Ifl. Preincubation of nuclear extracts with
antibody to CREB (1 irg/15 jxl reaction volume) resulted in a
complete supershift of the retarded CRE/protein complexes (lane
3). The antiserum alone did not cause retardation of the oligonu-
cleotide (lane 1) nor did normal rabbit serum have an effect on the
mobility of the retarded complexes (not shown). A 1:5 dilution of
the CREB antibody resulted in a shift of predominately the upper
complex (lane 4). Preincubation with anti-ATF-1 antibody re-
sulted in a shift of predominately the lower CRE/protein complex
(lane 5). ATF-1 antibody alone did not cause retardation of the
labeled oligonucleotide. Antibodies to c-fos and c-jun did not
cause supershifts of these CRE/protein complexes (data not
shown).
To further substantiate the identity of the proteins involved in
the CRE binding, we performed immunoblots of the electro-
phoretic mobility shift assay gels. Staining with antibodies to
CREB and ATF-1 revealed the presence of these proteins in the
CRE/protein complexes (Fig. 2). The lack of crisp clearly defined
bands commonly observed on most immunoblots is due to the fact
that these proteins were in their native configuration. c-fos and
c-jun were not found to be present in these complexes.
Overnight treatment with cycloheximide (20 xg/ml) inhibited
protein synthesis by 90% but did not inhibit the formation of
CRE/protein complexes (Fig. 3). This information along with the
observation that neither high glucose plus TGFI3 or PMA caused
changes to the CRE/protein complexes led us to conclude that
post translational modification of CRE binding factors (that is,
CREB and ATF-1) was responsible for the activation of the
fibronectin gene. Mesangial cells were labeled to equilibrium with
32p orthophosphate in serum-free, phosphate-free RPMI 1640.
1 2 3 4 5
Fig. 1. Gel shift mobility assays of binding to the CRE in nuclear extracts
from mesangial cells treated with normal glucose. Extracts from mesangial
cells were incubated in the presence of 32P-labeled double-stranded
oligonucleotide, which contained the CRE, and were subjected to elec-
trophoresis on denaturing polyacrylamide gels as described in text. Lane 1,
The free probe was treated with anti-CREB antiserum. There was no
retardation of the CRE probe with antiserum alone. Free probe is not
present because the dye front was allowed to run off the gel to get a better
resolution of the complexes. Lane 2. Demonstrates CRE/protein com-
plexes. Lane 3. Binding assay in presence of antibody to CREB. Antibod-
ies were added one hour prior to addition of labeled oligonucleotide.
Notice the complete supershift of CRE/protein complexes. Lane 4. At a
dilution of 1:5 the anti-CREB antibody caused a supershift of predomi-
nately the upper complex. Lane 5. An antibody to ATF-1 caused a
supershift of predominately the lower complex. Notice that both antibod-
ies (that is, the diluted CREB antibody and the ATF-1 antibody) caused
partial supershift of both CRE/protein complexes. The anti-CREB anti-
body was purchased from UBI and the ATF-1 antibody was a gift from Dr.
Michael Green.
High glucose (30 mM) plus TGF/3 (1 ng/ml) or PMA (600 nM) was
added directly to the radioactive medium. In the three experi-
ments performed, two hours of high glucose plus TGFI3 caused an
approximate 1.9 0.2-fold increase in phosphorylated CREB
(Fig. 4), while 30 minutes of PMA treatment increased phosphor-
ylated CREB approximately 2.0 1.0-fold (Fig. 5). Neither high
glucose nor TGFI3 alone caused increases in phosphorylated
CREB. The increase in phosphorylated CREB was maintained
through six hours of high glucose plus TGF/3 treatment. After two
hours of PMA, phosphorylated CREB had returned to control
levels. The phosphorylated 43 kDa CREB protein was identified
after electrophoresis, drying, and examination on a beta scanner
(Figs. 4 and 5). ATF-1 did not exhibit any changes in phosphor-
ylation after treatment with high glucose plus TGF/3 or PMA.
To determine whether high glucose and TGF/3, alone or in
combination, and PMA stimulated protein kinase A, mesangial
cells were treated with these agents in the presence of the
phosphodiesterase inhibitor isobutylmethylxanthine (MIX) and
intracellular cAMP levels were measured. Table 1 shows that
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Fig. 2. Immunoblot of CRE/protein reactions. The binding reactions were
performed as described in text. Native gels were run and electroblotted
onto Immobilon-P membranes. After drying, blots were autoradiographed
to located CRE/protein complexes (Lane A). Blots were hydrated and
stained with antibodies to ATF-1 (Lane B) and CREB (Lane C). Notice
the localization of these protein bands to the vicinity of the CRE/protein
complexes.
Fig. 4. Beta scan of polyaciylamide gel demonstrating phosphoiylated
CREB. Mesangial cells were labeled to equilibrium with 32P orthophos-
phate. Lanes ito 3 demonstrate immunoprecipitated CREB from nuclear
extracts of mesangial cells left untreated (normal glucose). Lanes 4 to 6
are immunoprecipitated CREB from nuclear extracts of mesangial cells
treated with high glucose plus TGF/3 for two hours. Arrowhead points to
43 kDa CREB protein. CPM in immunoprecipitated CREB: normal
glucose, 69,012 30,000; high glucose plus TGFI3, 134,621 25,000
(mean so). P < 0.05 by Student's t-test. This experiment was repeated
three times with similar results.
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Fig. 5. Beta scan of polyaciylamide gel demonstrating phospho,ylation of
CREB after 30 minutes of PMA. Mesangial cells were equilibrium labeled
with 32P orthophosphate prior to the experiment. Lanes 1 to 3 are CREB
immunoprecipitated from nuclear extracts of control mesangial cells,
while lanes 4 to 6 are immunoprecipitates of nuclear extracts after
treatment with PMA. CPM in immunoprecipitated CREB: control,
86,000 21,000; PMA, 186,000 86,000 (mean SD). P < 0.05 by
Student's t-test. This experiment was repeated three times with similar
results.
Table 1. Intracellular cAMP levels after treatment with agents
Fig. 3. Gel shift mobility assays of binding to the CRE in nuclear extracts
from mesangial cells either untreated (A) or treated with cycloheximide (20
p.g/ml) (B) overnight.
none of the agents tested enhanced cAMP production, indicating
that phosphorylation of CREB was independent of protein kinase
A activation.
Particulate and cytosolic cellular fractions were examined for
activation of the PKC isoenzymes PKC a, f311, y, and nPKC 6, and
€. Mesangial cells did not express (311 or y. After incubation with
high glucose and TGFf3 for two or three hours or PMA for 15
minutes there was translocation of PKC a activity from the
cytosolic to particulate fraction indicative of activation (Fig. 6) [6].
Neither high glucose nor TGFJ3 alone, under serum-free condi-
tions, caused activation of PKC a. nPKC 6 and c were not
activated and remained in the cytosolic fraction under these
experimental conditions (not shown).
Discussion
The results of this study demonstrated that CRE, the consensus
sequence in the fibronectin promoter which is activated in re-
cAMP
Condition pmol/mg protein/20 mm
NG 183±32
NG + MIX 329 89
NG + MIX + TGFJ3 341 36
HG+ MIX 351±18
HG +
NG +
MIX + TGFI3
MIX + PMA
327 30
144 26b
Abbreviations are: NG, normal glucose; MIX, isobutylmethylxanthine;
HG, high glucose; TGFP, tubuloglomerular factor beta; PMA, ..
a P < 0.05 vs. NG; 'P < 0.05 vs. NG + MIX
sponse to high glucose plus TGF(3 or PMA, forms complexes with
CREB and ATF-1 in mesangial cells. e-foslc-jun was not found to
be present in the CRE/protein complexes. Treatment of mesan-
gial cells with high glucose plus TGFI3 or PMA, which activated
protein kinase Ca, resulted in an increase in CREB phosphory-
lation. Intracellular cAMP levels were unaffected by these agents
indicating that phosphorylation of CREB was independent of
activation of protein kinase A. Transcriptional activation can be
caused either by binding of a transcription factor to its recognition
123456
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Fig. 6. Western blotting of PKCO showed nearly
a complete shift from the cytosolic (c) to
particulate (p) cellular fraction after treatment
with high glucose for two hours (B) or PIVL4 for
15 minutes (C) indicative of activation. In resting
cells (A) there was approximately the same
immunoreactivity in the cytosolic and
particulate fractions.
sequence in the regulatory region of a gene, or by a post-
translational modification of a factor that is already bound to its
recognition site. The results presented here support the role for
post-translational modification of CRE binding proteins in acti-
vation of transcription.
For the most part, CRE-dependent genes respond to signals
that activate the protein kinase A pathway while TRE dependent
genes respond to stimuli that activate either the tyrosine kinases
or protein kinase C pathways (such as high glucose) [24—26].
However, there is considerable overlap in the means by which
CRE and TRE becomes activated as well as their binding
specifities. The similarity between CRE and TRE (CRE:
TGACGTCA; TRE:TGAGTCA) may therefore allow an inter-
play in transcriptional regulation and cross-talk between compo-
nents of the two major signal transduction pathways. Indeed, it
has been shown that AP-1 can bind to both TRE and CRE in vitro
and activate CRE in vivo [17—19]. Thus, since AP-1 was found to
be elevated after treatment of mesangial cells with high glucose
plus TGFI3 or PMA [13] we thought that activation of CRE by
AP-1 was the mechanism of enhanced fibronectin gene expres-
sion. It was surprising when the supershift assays and immunob-
lots revealed that CREB/ATF-1, but not fos and Jun formed
complexes with CRE. These results provided evidence for a role
for protein kinase C activation in CREB-dependent activation of
GRE.
The ubiquitously expressed CREB protein is a well character-
ized transcription factor that is regulated by phosphorylation [16,
27]. Phosphorylation by protein kinase A has no effect on the
ability of CREB to bind GRE but enhances transcription effi-
ciency 20-fold in vitro [271. Interestingly, phosphorylation by
protein kinase C increases the binding of CREB to GRE in vitro
and stimulates CREB homodimers [27]. Since we did not observe
any change in the mobility or abundance of CRE/CREB/ATF-1
complexes after treatment of mesangial cells with either high
glucose plus TGFI3 or PMA, our results suggest that in vivo
phosphorylation of CREB with agents that activate protein kinase
C may cause a conformational change in the protein, resulting in
the activation of transcription. CREB can bind to DNA as a
homodimer or can form heterodimers with other BZip proteins
such as ATF-1. ATF-1 is a transcriptional activator that shares
many of the structural properties with CREB [28]. However,
several differences exist between the two transcription factors. For
example, CREB and ATF-1 form complexes of different stability
with DNA and ATF-1 has a destabilizing effect on CREB
DNA-binding [29, 30]. Therefore, CREB/ATF-1 heterodimers
and CREB homodimers will have different properties that point
to a role for ATF-1 in regulating CREB. Although it appears that
GREB/ATF-1 heterodimers bind to CRE in mesangial cells, it will
take further studies to determine whether the CREB phosphor-
ylation induced by high glucose plus TGFj3 or PMA alters the
nature of its association with ATF-1.
High glucose has been shown to stimulate fibronectin synthesis
by activating protein kinase C [6, 81. These experiments were
performed in serum-containing medium. Lending further support
for the role of high glucose in this response was the observation
that the phorbol ester PMA, which activates protein kinase C
directly, mimics the effect of high glucose on extracellular matrix
proteins mRNA levels [6]. The transcription factors c-fos and
c-jun (AP-1), which are modulated by protein kinase C activation,
are likewise elevated in mesangial cells treated with high glucose
[13]. High glucose was reported to exert its effect on fibronectin
synthesis by increasing transcription [9]. However, because these
experiments had to be performed in the absence of serum, TGF/3
was required for high glucose to exert its effect on fibronectin
transcription [9]. It was suggested that the PDGF present in serum
stimulated TGFI3 production, which permitted high glucose to
stimulate ECM synthesis [9]. In further support of this hypothesis,
Throckmorton et al reported that PDGF-stimulated type III
collagen production was dependent upon TGFI3 production [31].
Prior treatment of mesangial cells with anti-TGFI3 antibody
inhibited PDGF-stimulated type III collagen production.
In the present paper, we extend our previous observations by
reporting that high glucose plus TGF!3 and PMA activates protein
kinase C a and stimulates CREB phosphorylation independent of
protein kinase A. TGFI3 has also been shown to induce the
phosphorylation of CREB independent of protein kinase A in
mink lung cells, suggesting a common mechanism of transcrip-
tional regulation with high glucose or PMA [321. HaIler et al and
Kikkawa et al also showed differential regulation of protein kinase
C isoenzymes under conditions of high glucose in mesangial cells
and vascular smooth muscle cells, respectively [23, 33].
Finally, if c-fos and c-Jun are not involved in stimulating
fibronectin transcription in response to high glucose what are
their roles in the pathobiology of high glucose? It has been
reported that high glucose under serum-free conditions stimulates
mesangial cell growth in vitro [34]. Since c-fos and c-jun are
members of the group of so-called immediate early genes, their
generation in response to high glucose may contribute to the
observed mitogenesis. The various responses of mesangial cells to
high glucose demonstrate the multiple signaling pathways that are
activated after stimulation of protein kinase C by high glucose in
mesangial cells.
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